ABSTRACT Spatial distribution of boll injury caused by stink bugs to developing cotton (Gossypium hirsutum L.) bolls was studied in Þve commercial Þelds (Ϸ22 ha each) in 2011 and 2012 to understand variability in boll injury dynamics within Þelds. Cotton bolls and stink bugs were sampled weekly from a georeferenced grid of sampling points (one sample per 0.40 ha) in each Þeld, but no samples were taken within 30 m of Þeld edges. The inverse distance weighted interpolation, variogram analysis, and MoranÕs I were used to describe spatial variability of boll damage within the Þelds. Boll injury was found to be spatially associated at distances ranging from Ϸ75 to 275 m with an average distance Ϸ150 m. An exponential variogram model was selected as the best Þtting model to describe the spatial association in four of the Þve Þelds. MoranÕs I indicated that spatial association was signiÞcant in three of the Þve Þelds. The spread of boll injury from stink bugs was gradual in most Þelds and always exceeded the treatment threshold during the fourth or Þfth week of bloom. Capture of stink bugs using a sweep net was inefÞcient, strongly suggesting that quantifying boll injury is a better sampling method and predictor of stink bug activity when sampling all but the edges of the Þeld. These data suggest that scouts need to sample boll injury from sample locations separated by at least 150 m to assure independence in the central part of large Þelds. Second, future researchers who plan to use parametric statistical methods could use a 150-m grid, as opposed to a denser grid that would require greater time and effort.
Phytophagous stink bugs are economic pests of cotton, Gossypium hirsutum L., in the southeastern United States (Greene et al. 2001 , Reay-Jones et al. 2009 ). The stink bug complex in cotton includes three principal species: the green stink bug, Chinavia hilaris (Say); southern green stink bug, Nezara viridula L.; and brown stink bug, Euschistus servus (Say). Feeding by these pests causes direct injury to developing cotton bolls, resulting in abscission of immature bolls, lint staining, general loss of Þber quality, and reduced yield (Barbour et al. 1990 , Bundy et al. 2000 , Willrich 2004 , Toews and Shurley 2009 . Based on recent estimates of crop losses in cotton, stink bugs are consistently among the most damaging pests in southeastern states (Williams 2009 (Williams , 2010 2012) . Approximately 0.5 of the 0.6 million ha of cotton in Georgia were infested with stink bugs in 2011, and those infestations required insecticide treatment on Ϸ0.4 million ha at an average of two applications per season (Williams 2012) . Management costs for foliar treatment of stink bugs averaged US$19.47Ð37.06 per hectare during 2009 Ð2011, with most Þelds being treated multiple times (Williams 2010 (Williams , 2011 (Williams , 2012 . Both brown stink bugs and southern green stink bugs can transmit the boll-rotting bacterium Pantoea agglomerans. Infections by the P. agglomerans strain Sc 1-R can cause rotting of the entire locule (Medrano et al. 2007 ). The reduced need for applications of broad-spectrum insecticides, due to eradication of the boll weevil, Anthonomus grandis Boheman, and the widespread adoption of transgenic cotton varieties to manage lepidopterans are believed to be the major reasons for increased incidence of stink bugs in southeastern farmscapes (Bundy et al. 2000 , Greene et al. 2001 .
The polyphagous nature of stink bugs (Todd 1989 ) and sequential availability of suitable hosts in southeastern farmscapes have prompted researchers to examine spatial behavior and variability in distribution of stink bugs in crop Þelds (Tillman et al. 2009 , Reay-Jones 2010 , Tillman 2011 . Clumped or aggregated patterns have been reported previously for species such as southern green stink bug (Todd and Herzog 1980) , and spatial variability and aggregation in densities of stink bugs and their damage have been observed in cotton Þelds, especially at Þeld borders (Tillman et al. 2009 , ReayJones et al. 2010 . Dispersal of stink bugs from crops, such as corn, Zea mays L., and peanut, Archis hypogaea L., to cotton is thought to be driven by the availability of suitable hosts in time and space (Tillman et al. 2009 ), but their aggregation behavior could be inßu-enced by pheromones or clumped egg-laying behavior. Ecology of many cosmopolitan stink bugs is wellstudied (Rolston 1961; Todd 1989; McPherson and McPherson 2000; Toews 2010, 2011) , but understanding their behavior in commercial-sized cotton Þelds could augment current sampling and management efforts. Previous data show that assessment of stink bug pressure in cotton Þelds is done more efÞciently by sampling boll injury than by estimating the actual insect density using a sweep net (Toews et al. 2008 ). Furthermore, current Extension recommended treatment thresholds are based on percentage boll injury levels during the ßowering cycle ). Reay-Jones et al. (2010) suggested that the permanent nature of boll injury relative to the temporal presence of stink bugs is one reason why damage is a better metric to study spatial characteristics of stink bug activity in cotton.
Traditional methods of evaluating insect populations from independent samples include indices such as the variance to mean ratio, TaylorÕs power law (Taylor 1961) , LloydÕs mean crowding index (Lloyd 1967 ), Wald sequential probabilities ratio (Wald 1947) , and IwaoÕs patchiness regression (Iwao 1968) . Those methods were developed for use on independent samples from a given population. Conversely, spatial statistics are used to explore data points that are expected to exhibit spatial dependence (Isaaks and Srivastava 1989, Liebhold et al. 1993) . Geospatial techniques, such as interpolation using inverse distance weighted (IDW) and Spatial Analysis by Distance IndicEs (SADIE), have been used to describe stink bug populations or damage (Tillman et al. 2009 ) at the interface of cotton and peanut and for cotton Þelds ranging from 4 to 12 ha ). Both of these methods are useful to identify spatial variability, and results from SADIE analysis could be used to map local aggregation of the pests . Variogram analysis, developed for geology and mining, has more recently been adapted for environmental and ecological studies. It has been used to describe spatial structure of western tarnished plant bugs, Lygus hesperus (Knight), in cotton (Carriere 2006) ; sunßower midge, Contarinia shulzi Gagne, in sunßower, Helianthus annuus L (Hodgson 2004) ; coffee berry borer, Hypothenemus hampei Ferrari, and leaf minor, Leucoptera coffeella, in coffee, Coffea arabica L. (Alves et al. 2011) ; and grass thrips, Anaphothrips obscurus (Mü ller), in timothy, Phleum pratense L. (Reisig et al. 2011) . Results from MoranÕs I and variogram analysis can be used to further analysis, such as kriging interpolation (Alves et al. 2011 , Reisig et al. 2011 .
Predictability in pest distribution can facilitate sitespeciÞc management by indicating where application of insecticides to areas are most needed, which in turn can help to reduce management costs (Weisz et al. 1995 , Bacheler et al. 1998 ) and preserve refuges of natural enemies and parasitoids in untreated areas of the Þeld (Weisz et al. 1996) . The objectives of this project were to monitor within-Þeld distribution of stink bugs and associated damage in commercial cotton Þelds and then model the resulting spatial relationships using geostatistical techniques. Methods and analyses described here did not include any sampling point within 30 m of Þeld edges.
Materials and Methods
Study Locations. The study was conducted over a 2-yr period in Þve commercial cotton Þelds (two in 2011 and three in 2012) with an area ranging from 17 to 28 ha and an average area of 22.1 ha. In 2011, Þelds were located near Midville, GA (Burke County, 32Њ 52Ј12.5Љ N, 82Њ 13Ј24.5Љ W), and Pantego, NC (Beaufort County 35Њ 37Ј09.1Љ N, 76Њ 44Ј07.8Љ W). In 2012, one of the Þelds was located near Plains, GA (Summer County 32Њ 02Ј36.7Љ N, 84Њ 22Ј07.2Љ W), and two remaining Þelds were located near Nashville, GA (31Њ 17Ј02.4Љ N, 83Њ 21Ј04.7Љ W; and 31Њ 16Ј31.4Љ N 83Њ 21Ј01.7Љ W). DP 1050 B2RF was planted at Midville and one of the Nashville Þelds, while the Þeld at Plains was planted using DP 1048 B2RF and 1050 B2RF. The Pantego, NC, location was planted with DP 1028 B2RF and the second Þeld at Nashville, GA, was planted with PHY 499 WRF. The DeltaPine (DP) varieties include Cry1Ac and Cry2Ab Bt events, whereas the Phytogen (PHY) varieties include the Cry1Ac and Cry1F Bt events. Supplemental overhead irrigation was applied on all Þelds in Georgia, and standard Extension recommended agronomic practices were followed. With the exception of one Þeld at Pantego, NC, all Þelds had at least one border shared with an adjacent Þeld of peanut. Field boundaries and arrangement of sampling points are shown in Fig. 1 , while more speciÞc details of the Þelds are shown in Table 1 .
Field Layout. Before ßowering, Þelds were spatially mapped using a GPS receiver and mapping software (ArcMap 10, Environmental Systems Research Institute [ESRI] 2010, Redlands, CA). Uniformly spaced sampling points were assigned using an Ϸ60-m grid, providing a density of one sample per 0.4 ha. Sample points in each Þeld were marked using 2.4-m tall ßags labeled with a unique number. To avoid known bias from sampling Þeld edges, all sample locations near the Þeld edges were no closer than 30 m from the Þeld perimeter. Weekly sampling, including both sweep net and internal boll damage estimates, commenced during the second week of bloom. At each sample point, stink bugs were sampled using two sets of 25 sweeps (single row) with a 38.1-cm sweep net. For estimating boll injury, 10 immature bolls (2.4 Ð2.7 cm in diameter) were collected from each sample point and pooled into 3.8-liter produce bags labeled with the respective ßag number. The selection of correct boll size was aided by the scouting tool developed by North Carolina State UniversityÐClemson UniversityÐ University of Georgia Extension, which consists of a stiff plastic card with small and large holes sized at diameters 2.4 and 2.7 cm, respectively (Bacheler et al. 2010) . Only those bolls that could pass through the large hole but not through the small hole were collected. Actual sample location relative to the sample ßag varied by a predetermined number of rows (e.g., two rows east of ßag in Week 1 followed by one row west of ßag in Week 2) to avoid sampling the exact same plants in consecutive weeks. Collected bolls were transported in an ice chest to the laboratory, and then dissected to assess internal injury based on symptoms of feeding by stink bugs (Barbour et al. 1990 , Bundy et al. 2000 , Willrich 2004 , Toews and Shurley 2009 . Each individual boll was scored on a binomial scale, and a composite score of all bolls from that location was recorded.
A mean percentage of Þeld-wide boll injury was calculated each week and insecticide application was initiated when boll damage exceeded the dynamic treatment threshold ). Brießy, the dynamic treatment threshold for stink bugs in cotton is a widely used procedure in which the threshold for insecticide treatment changes based on the number of susceptible bolls in a particular week of bloom. Insecticide treatment is recommended when the percentage of boll injury exceeds 10% during the third, fourth, or Þfth week of bloom, while a higher threshold (30 Ð 50%) is used for the remaining weeks ). Only those sample data collected before insecticide application were considered for this analysis to avoid obvious bias in estimating dispersal of stink bugs or boll injury.
Data Analyses. Linear descriptive statistics were used for assessing weekly percentage of boll injury. Because of the low estimated boll injury in initial weeks and the high number of zeros in the data sets, mean percentage of boll injury was averaged across weeks up to the week of threshold injury to get an overall mean. For exploratory spatial analysis and estimating variability, boll injury was interpolated using the IDW method in ArcMap (ESRI 2011). The reliability of IDW maps was evaluated by cross-validation using the software tool GSϩ (Gamma Design Software, Plainwell, MI), which involves temporary removal of each measured datum one at a time and estimation of its value by all other available data in the spatial domain (Isaaks and Srivastava 1989) . This process, repeated for all data points in a given spatial domain, enables construction of a graph with observed and estimated data from which linear regression coefÞcients could be calculated.
Geostatistical Analysis. Boll injury was modeled using variogram analysis in GSϩ. The variogram measures the spatial dependence in the sample data by evaluating the variance as a function of distance and direction between paired observations (Cressie 1991) . The semivariance ␥ for lag distance h is shown in equation 1.
where z(x i ) is the sampled variable at point (x i ), z(x i ϩ h) is the sampled variable at point z(x i ϩ h), and N(h) is the number of pairs separated by lag h. Variogram parameters including the sill (C), nugget (Co), and range (A) give valuable information about the spatial structure of the response variable (Isaaks and Srivastava 1989) . Statistical hypothesis testing to identify signiÞcant spatial aggregation at speciÞed distances is possible using MoranÕs I statistic (Isaaks 
where n is the total number of observations, x i and x j are the observations at locations i and j, x is the mean of observations, w ij is a spatial weight between observations i and j, and S o is the sum of all w ij values. Spatially interpolated maps of insect counts based on the variogram provide linear statistical estimates of values at unsampled locations (Myers 1991 , Liebhold et al. 1993 .
MoranÕs I was previously used to describe spatial dynamics of Homalodisca coagulate (Say) (Park 2006) . The raw fractional data from each sample point were arcsine-transformed to get a nearly normal distribution (Zar 1999 ). The data were tested for any obvious surface trend by visual analysis of quantile map in GSϩ (Bohling 2011) . Omnidirectional (isotropic) variograms were calculated for the following two reasons: 1) no obvious surface trend was observed in any data set and 2) in variogram analysis, at least 30 data pairs per lag distance are required to estimate the variogram adequately (Isaaks and Srivastava 1989) . The latter criterion was difÞcult to meet for the anisotropic (directional) variogram because of limited numbers of samples in each Þeld (range, ϭ 41Ð72 samples per Þeld). Variogram model Þtting involves Þtting a theoretical model to the empirical or experimental variogram using a nonlinear weighted least square regression, and model evaluations are done by comparing residual sum of squares (Cressie and Hawkins 1980) . GSϩ provides variogram model Þtting based on four functions: linear, spherical, exponential, and Gaussian. Hypothesis testing on the presence of spatial aggregation was performed using MoranÕs I and associated Z-scores and P values. A positive I indicates positive autocorrelation, zero indicates a random pattern, and a negative value indicated a dispersed pattern. A Z-score of Ն1.96 indicated signiÞcant spatial aggregation at the ␣ ϭ 0.05 level (Isaaks and Srivastava 1989) .
There are inconsistent reports on minimum number of samples required for constructing a reliable empirical variogram (Pardo-Iguzquiza 1998 , Webster and Oliver 2001 , Olea 2006 . According to Webster and Oliver (2001) , a minimum of 100 data measurements are needed for a given spatial domain, while Olea (2006) suggested at least 50 measurements were needed for variogram analysis. Pardo-Iguzquiza (1998) indicated that "a few dozen data may sufÞce" when transformed data are used. In this study, all the Þelds had Ͻ100 data points and two Þelds had Ͻ50. For relatively small samples, the key is to strike a balance between the numbers of lag classes and pair counts in each lag classes by specifying proper lag, h.
Results
Insect Density. The total number of stink bugs (adults and nymphs) captured with the sweep-net method from the two Þelds in 2011 was 49 (sum of 3 wk of sampling in Field A and 4 wk of sampling in Field B). Of these, 39 stink bugs were captured from Field A and the remainder from Field B. Species composition was composed of brown stink bugs (69.3%) and the remainder were green stink bugs; no southern green stink bugs were captured during this period. In 2012, only seven stink bugs (six southern green stink bugs and one brown stink bug) were captured from three Þelds during the study. Because the total number of stink bugs was extremely small, further statistical analyses were not merited.
Boll Injury. Mean percentages of boll injury during the second and third weeks of bloom were 7.0 Ϯ 1.0 % (SEM) and 6.5 Ϯ 1.0%, respectively, and exceeded the Extension recommended dynamic treatment threshold during the fourth week of bloom with a boll injury of 14.1 Ϯ 1.3% in Field A. In Field B, boll injury increased gradually from 2.2 Ϯ 0.8% during the second week of bloom to 6.1 Ϯ 1.3% during the fourth week. Boll injury exceeded the dynamic threshold during the Þfth week of bloom (12.7 Ϯ 1.8%). Boll injury levels of 1.6 Ϯ 0.6, 8.4 Ϯ 1.7, and 12.5 Ϯ 2.1%, during the second, third, and fourth week of bloom, respectively, were recorded in Field C, while Field D had injury levels of 7.0 Ϯ 2.3, 4.6 Ϯ 0.9, 5.6 Ϯ 1.0, and 9.6 Ϯ 1.2%, during the second, third, fourth, and Þfth week of bloom, respectively. Field E had a high infestation in the second week of bloom (15.7 Ϯ 1.6%), but that dropped to 10.4 Ϯ 1.3% by the third week. By calendar dates, Fields A and B exceeded threshold by the fourth week of July and the second week of August in 2011. In 2012, Fields C and D exceeded the threshold by the Þrst week of August and Field E by the third week of July. Mean boll injury up to the week of threshold injury was 9.3 Ϯ 0.7, 6.8 Ϯ 0.9, 7.5 Ϯ 1.0, 5.6 Ϯ 0.5, and 13.1 Ϯ 1.0 for Þelds A, B, C, D, and E, respectively.
Spatial Analyses. Interpolated maps of boll injury indicated spatial variability in distribution of boll injury across Þelds, with apparent clustering of boll injury in some Þelds (Fig. 2) . Increased injury toward the periphery was evident in Fields A, B, C, and E. The reliability of IDW maps was tested by cross-validation (Isaaks and Srivastava 1989;  Table 2 ). A representative cross-validation graph is shown for Field A (Fig. 3) . In general, the regression coefÞcient was relatively high, indicating that interpolation was reliable in estimating variability of damage caused by stink bugs.
Isotropic (omnidirectional) variogram analysis of arcsine-transformed data showed that boll injury in each Þeld was spatially correlated (Fig. 4) . Variograms were calculated for an active lag distance (search radius) of Ϸ50% of broadest extend of Þeld as a standard procedure in all Þelds, except for Field C, where it was Ϸ80% of the broadest extend. This approach gave a sufÞcient number of lag classes for calculating empirical variograms in each data set. The lag distance h was based on average sampling distance and was rounded to include a minimum of 30 pairs of sample points in each lag class. Therefore, each point in the empirical variogram is the average of Ն30 data pairs. Parameters used for variogram analysis are given in Table 1 and model parameters with Þt statistics are provided in Table 2 . Based on residual sums of squares, the exponential model had the best Þt for Fields A, B, C, and D, while a Gaussian model was selected for Field E (Table 3 ). All variograms reached the sill (C), indicating that spatial autocorrelation was present. The proportion (C/CoϩC) is a characteristic that measures the degree of spatial dependence. Values close to 1 indicate substantial presence of spatial dependence. A variogram with no nugget variance (where the curve passes through the origin) will have a proportion value of one, indicating strong spatial dependence. A proportion of zero indicates that there is no spatially dependent variation. In addition to the model with best Þt, parameters from two other models were also evaluated ( Table 2) .
The range, deÞned as the distance above which spatial dependence of the measured variable ceases to exist, varied between 74.3 and 274.8 m, with an average range of 154.8 m in models with the best Þt. For other models, the range varied between 76.7 and 271.7 m, with an average range of 115.8 m. Nugget variance, which indicates a spatially independent component, was lower compared with the sill, the spatially depen- Regression coefÞcients indicate the level of precision achieved in predicting temporarily discarded data based on an optimum number of neighboring data. dent component, for all models. These data indicated that variability arising from measurement error or sampling scale was generally low. Generally speaking, the range indicates the upper bound of neighborhood where spatial autocorrelation is present. This, in turn, indicates that spatial association will be higher when samples are inferred from shorter distances than the range. A relatively larger "range" in four exponential models compared with a shorter range in the Guassian model suggested presence of low-density clusters of injury by stink bugs in most Þelds.
Based on MoranÕs I, signiÞcant spatial aggregation was detected in Field A (I ϭ 0.05; Z-score 2.25; P ϭ 0.02), Field B (I ϭ 0.10; Z-score 2.08; P ϭ 0.03), and Field D (I ϭ 0.09; Z-score 2.12; P ϭ 0.03). Conversely, a random pattern was detected in Field C (I ϭ Ϫ0.01; Z-score 0.94; P ϭ 0.94) and Field E (I ϭ 0.01; Z-score 0.70; P ϭ 0.48). The weight factor was based on IDW, and several distances were attempted at multiples of 50 m. SigniÞcant aggregation was noted at distances of 250, 150, and 150 m for Þelds A, B, and D, respectively. The Z-score deteriorated at distances above or below this range for respective Þelds. It should be noted that these distances were similar to the range parameter estimated using variogram analysis.
Discussion
Based on data collection methods that did not include any sampling points within 30 m of Þeld edges, variogram analysis of boll injury showed that injury from stink bugs was spatially associated up to an av- Table 3. erage range of 154.8 m based on best Þtted variogram models. The biological signiÞcance of the parameter "range"Õ is that it can be considered as a neighborhood where sampled data are related to one another. For example, a variogram of a dispersed population will have higher range, whereas a short range is characteristic of highly aggregated population (Jung-Joon et al. 2011) . In this study, Fields A and E had comparable Þeld sizes and number of data points. Owing to the natural variation in soil fertility observed in Field E, cotton plants showed differences in maturity; for example, cotton plants in some parts of the Þeld started ßowering while most plants in the Þeld were still in vegetative stages. This early availability of cotton bolls might have attracted stink bugs to those speciÞc areas of the Þeld and resulted in a greater density of stink bugs during the initial weeks. Variogram data for Field A were averaged over 3 wk, of which two initial weeks had lower percentage injury. Spatial behavior of insects can be erratic, and their distributions are usually best explained by exponential or spherical models (Isaaks and Srivastava 1989) Most arthropod pests, including stink bugs (Taylor et al. 1978 , Wilson and Room 1983 , exhibit an aggregated distribution in crop Þelds. Reay-Jones et al. (2010) and Tillman et al. (2009) used IDW maps and SADIE analysis to study the spatial dynamics of stink bugs in cotton and cotton-peanut interfaces and were able to show aggregation in stink bug distributions. IDW maps are suitable for initial exploratory analysis of spatial data (Perry et al. 2002) and SADIE analysis has been successfully used in many systems to quantify spatial variability and map highÐlow clustering of data , Ferguson et al. 2000 . However, variogram analysis is able to quantify the extent (distance) of spatial association.
Variogram analysis is computed based on the assumption that observations are a random function Z(x). Spatial data often violate this assumption, which results in spatial autocorrelation of the data. If sampled data are to be used for parametric statistical analyses (example, analysis of variance), only those samples which are farther apart than the range of the variogram are truly independent. If data are to be used for spatial statistics, spatial autocorrelation is an opportunity to understand the underlying spatial process such as factors contributing to the aggregation of the data. Clearly, these data showed that autocorrelation among neighboring points was common even though the samples were taken Ͼ50 m apart. Another interpretation of the observed relatively large range of spatial association is that managers are not likely to beneÞt from treating only small areas of the Þeld when managing stink bugs in cotton. Our data, based on observations across large Þelds with the assumption that the sampling universe is fairly homogenous, are appropriate for making general conclusions about sampling. However, actual patchiness of boll injury in a given Þeld could be heavily inßuenced by the heterogeneous nature of biological and environmental stresses.
Sampling for the presence of stink bugs using percentage boll injury was necessary in this study because of low efÞciency of stink bug recovery using the sweep net. The number of stink bugs captured using sweep nets in our study was insufÞcient for statistical comparison, an observation previously shown by . Moreover, the semipermanent nature of boll injury, compared with the mobile nature of bugs, suggests that boll injury is a better response variable for sampling stink bugs in cotton.
A previous study showed that the spatial distribution of stink bugs in cotton Þelds does not always coincide with stink bug injury . This result likely stems from sampling inefÞ-ciencies. Sampling stink bugs with a sweep net is hindered when the cotton is very tall; it can be difÞcult for scouts to reach the top of the plant and further the total proportion of the plant being sampled is smaller on tall plants compared with shorter plants. In addition, late in the bloom cycle there are often large bolls present near the top of the plant that interfere with an efÞcient sweep-net stroke. Direct sunlight and time of day may also inßuence sampling stink bugs with a sweep net. Stink bugs move on individual cotton plants during daytime in search of food (Huang and Toews 2012) . Similarly, intercrop movement of stink bugs occur between cotton and other Þelds crops (Tillman et al. 2009, Toews and Shurley 2009 ) based on the maturity of the crops. Findings of this and previous studies by Tillman et al. (2009) and Toews and Shurley (2009) , which showed considerable boll injury at the interface of cotton and adjacent crops, conÞrm that boll damage attributed to stink bugs is generally greater in edge samples (Þrst 50 m from the edge of the Þeld). For large commercial Þelds, this information suggests that treating the edges of the Þeld might be a viable technique in lieu of treating the entire Þeld. It is important to note that all spatial analyses are scale dependent. Variogram analysis fails to identify spatial aggregation at distances shorter than sampling distance, and the scale of association might be different for different pests. Prior knowledge about the biology of the organism is critical for understanding the parameters of spatial analysis.
